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Diastolic and systolic left ventricular (LV) dysfunction often signif-
icantly contribute to disabling symptoms in familial hypertrophic
cardiomyopathy (FHC). This study compares regional LV function
(midwall circumferential strain) during systole and diastole in eight
FHC patients and six normal volunteers (NVs) using MR tagging. A
prospectively-gated fast gradient-echo sequence with an echo-
train readout was modified to support complementary spatial
modulation of magnetization (CSPAMM) tagging and full cardiac
cycle data acquisition using the cardiac phase to order recon-
struction (CAPTOR), thus providing tag persistence and data ac-
quisition during the entire cardiac cycle. Total systolic strains in
FHC patients were significantly reduced in septal and inferior
regions (both P < 0.01). Early-diastolic strain rates were reduced
in all regions of the FHC group (all P < 0.03). The combination of
CSPAMM and CAPTOR allows regional indices of myocardial
function to be quantified throughout the cardiac cycle. This tech-
nique reveals regional differences in systolic and diastolic impair-
ment in FHC patients. Magn Reson Med 50:638–642, 2003.
Published 2003 Wiley-Liss, Inc.†
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Familial hypertrophic cardiomyopathy (FHC) is a genetic
disease characterized by left ventricular (LV) hypertrophy
and myofiber disarray. LV diastolic dysfunction is com-
mon and contributes importantly to congestive heart fail-
ure. To accurately assess regional function, it is necessary
to obtain local measures of myocardial shortening and
relaxation. Magnetic resonance (MR) tissue tagging is a
proven method for imaging myocardial systolic function
(1,2). Tagging has been used to assess systolic function in
NVs (3,4) and patients with diseases such as hypertrophic
cardiomyopathy (5–7), aortic stenosis (8), and coronary
artery disease (9).

Most tagging techniques are limited by two factors: tag
fading and trigger windowing. T1 relaxation causes the
tags to fade to undetectable levels by early diastole
(�500 ms). This typically limits both qualitative and quan-

titative assessment of myocardial tag motion to systole. In
order to characterize indices of regional LV function in
FHC, the CSPAMM (10) tagging technique, which provides
tag persistence during systole and diastole, was combined
with CAPTOR (11), which provides acquisition and recon-
struction of cine tagged images across the entire cardiac
cycle. The combination of these two techniques may prove
valuable in assessing regional cardiac function for other
diseases in which both systolic and diastolic dysfunction
occur.

METHODS

All procedures were conducted in accordance with insti-
tutional guidelines that required signed, informed con-
sent.

Study Population

Study populations were matched for both age and sex. In
patients with FHC, CAPTOR/CSPAMM images were ob-
tained as additional acquisitions to a standard protocol
aimed at assessing global and regional function and mea-
suring myocardial mass. FHC was defined as regional LV
hypertrophy with a maximal end-diastolic wall thick-
ness � 15 mm in the absence of secondary causes, or �
20 mm for patients with one secondary cause of hypertro-
phy. Normal volunteers (NVs) were recruited to match the
range of patient ages encountered. The volunteers had a
normal cine MRI and no history of heart disease.

The patient group consisted of six men and two women
(mean age � 39.0 � 16.0 years; range � 20–64 years). The
NV group consisted of four men and two women (mean
age � 33.0 � 10.3 years; range � 25–53 years, P � NS).
Heart rates were 67 � 10 beats per minute in patients with
FHC, and 63 � 7 beats per minute in NVs (P � NS).

All but one patient had symptomatic FHC, and the av-
erage New York Heart Association (NYHA) class was 2.5 �
1.1. The average LV outflow tract gradient was 47 �
48 mmHg at rest and 89 � 53 mmHg with provocation.
One patient had an abnormal pulmonary capillary wedge
pressure (�12 mmHg) and a pseudonormalized transmi-
tral E/A velocity ratio, indicating that from a heart failure
perspective this group of patients was reasonably well
compensated. Four other patients had abnormal transmi-
tral E/A velocity ratios. A summary of the patients’ ana-
tomical measures obtained from cine MRI is provided in
Table 1.

MRI

Scans were performed on a GE 1.5T cardiac MRI scanner
(General Electric Medical Systems, Milwaukee, WI) using
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a four-element cardiac phased array coil. All subjects were
monitored with a three-lead electrocardiogram. The CS-
PAMM tagging pulses were implemented in a cardiac-
gated, fast gradient-recalled echo sequence using an echo-
train readout (FGRE-ET) (12,13). The sequence also sup-
ported full cardiac phase to order reconstruction
(CAPTOR). The scan parameters used were as follows:
field of view (FOV) � 32–36 cm; slice thickness � 8 mm;
phase FOV factor � 0.75; acquisition matrix � 160 �
128 (frequency � phase); repetition time (TR) � 30 ms;
views per segment � 8; echo train length � 8; asymmetric
partial k-space coverage (NEX � 0.75); and receiver band-
width � � 62.5 kHz. Data from the first two heartbeats
were discarded. The imaging flip angle was ramped as
specified by Fischer et al. (10). The total tagging flip angle
was 135° with tag spacing of 7 pixels. The acquisition of a
single slice required 20 heartbeats. Thirty cardiac phases
were reconstructed across the cardiac cycle. Four to six
mid-ventricular short-axis slices were acquired in �30
min. In NVs, eight to 10 short-axis slices and six to eight
radially prescribed long-axis slices were acquired. Each
direction of stripe tags was acquired in a separate breath-
hold in all subjects. Conventional cine MRI was obtained
in the long and short axis using both fast gradient-echo and
steady-state free-precession (SSFP) methods. LV mass and
wall thickness were measured by computer-assisted
planimetry. Transmitral E/A velocity was measured by MR
phase-contrast methods.

Image Reconstruction, Processing, and Analysis

CAPTOR sorting of the raw data was implemented on-line,
and CAPTOR/CSPAMM image reconstruction was per-
formed off-line using MATLAB (Mathworks, Natick, MA).
Individual SPAMM images were reconstructed using ho-
modyne demodulation (14), and the resultant real images
were subtracted to produce the final CSPAMM image at
each cardiac phase.

For the subsequent analysis, through-plane motion was
neglected in the patients with FHC, with the exception of
two cases in which time permitted the acquisition of long-

axis tagged images. Long-axis anatomical images were
used to quantify the extent of through-plane motion in all
FHC patients for whom long-axis tagged images were not
available. The analysis incorporated longitudinal averag-
ing of results across mid-ventricular short-axis slices, fur-
ther reducing the impacts of through-plane motion and
also decreasing the noise of the quantified metrics.

The tagged CSPAMM images were processed to produce
quantitative strain measures in a three-step process. First,
the images were segmented using custom three-dimen-
sional (3D) spatial and temporal template interpolation
software (15). The segmentation process simplified the tag
detection process by isolating the myocardium. Next, the
tags were tracked nearly automatically, due to the high
contrast, using the FindTags program (16). Finally, the tag
displacements were fitted using a multidimensional B-
spline tensor product, resulting in a material coordinate
displacement field from which material (Lagrangian)
strains were calculated for a sequence of time points
throughout the cardiac cycle (17). Circumferential strains
from the midwall of the LV were analyzed. This strain
component is physiologically meaningful, as it aligns well
with the local myofiber direction and is well characterized
by short-axis tagged images. Regional analysis of function
was performed by averaging strain results within four ven-
tricular segments, defined as follows. The septal segment
was defined as any septal myocardium lying between the
anterior and inferior insertions of the right ventricle onto
the LV. The anterior, lateral, and inferior segments were
defined clockwise as the first one-third, second one-third,
and last one-third of the remaining myocardial wall.

Evaluation of Regional LV Function

LV regional midwall circumferential strain (ECC) curves
from each subject were used to characterize two indices of
systolic function and five indices of diastolic function. All
indices are described in Fig. 1 for a myocardial segment
from a NV and a patient with FHC. The systolic strain rate
was defined as the slope of the ECC curve from end-diastole
to 90% of the peak-systolic strain. The total systolic strain
was defined as the extent of strain between peak systole
and peak atrial systole (late ventricular diastole). This
represents the total extent of systolic shortening, and is a
negative value because it reflects myocardial contraction.

The early-diastolic strain rate was defined as the slope
over the duration from end-systole to mid-diastole. The
mid-diastolic strain rate was defined as the slope from
mid-diastole to the beginning of atrial systole. The percent
lengthening subsequent to atrial systole was defined as the
ratio of atrial strain (strain from the onset of atrial systole
to peak atrial systole) to the total systolic strain. The mid-
diastolic strain rate and the percent lengthening subse-
quent to atrial systole were indicators of mid- and late-
diastolic filling.

Statistical Analysis

All values are reported as mean � standard deviation (SD).
A Student’s t-test was used to compare NVs and patients
with FHC. A value of P � 0.05 was considered significant.

Table 1
Left Ventricular Measures From Cine MRI

Patient
LV

mass
(g)

Wall thickness (mm)

Sep Ant Lat Inf Maximum

1 469 22 20 22 23 27
2 393 19 21 14 16 25
3 297 17 17 19 21 25
4 258 13 15 10 14 26
5 233 20 12 13 21 27
6 276 19 17 15 16 23
7 389 22 20 25 22 26
8 184 15 12 11 11 20

Mean
� SD 312 � 96 18 � 3 17 � 4 16 � 5 18 � 4 25 � 2

The maximal LV wall thickness was measured on the short axis slice
with the most severe hypertrophy. Other measurements were all at
the mid-ventricular level. Normal LV wall thickness is 6–12 mm and
normal LV mass is � 234 g (20). Sep, septal wall; Ant, anterior wall;
Lat, lateral wall; Inf, inferior wall.
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RESULTS

Images

The images show tag persistence during the entire cardiac
cycle, and also exhibit the black-blood nature of CS-
PAMM. If a typical prospectively gated sequence with a
10–20% trigger window had been used, acquisition of the
last three to six frames of the full 30 frames acquired
would not have been possible. In cine loops of all acquired
frames, cardiac motion subsequent to atrial systole is evi-
dent in the late cardiac phases.

Regional LV Function

A sample ECC curve representing function in an NV and a
patient with FHC is shown in Fig. 1. The NV curve in Fig.
1 exhibits all phases of the cardiac cycle, including rapid
shortening (systole), rapid lengthening (early diastole),
slow lengthening (diastasis), and the ventricular response
to atrial systole. The FHC patient curve in Fig. 1 exhibits
dynamics that are distinctly different from the NV curve.
Early shortening is similar, but total systolic shortening is

reduced; early-diastolic lengthening is slower, and no pe-
riod of diastasis is observed; and the ventricular response
to atrial systole is still evident as a strain exceeding the
end-diastolic reference. At the level of the tagged image
acquisition, through-plane motion was measured to aver-
age 2.8 � 1.8 mm. The strain curves for each short-axis
tagged slice show no significant apex-to-base gradient, in-
dicating that the function across the imaged slices was not
significantly different.

Values for all measured indices of ventricular function
are tabulated in Tables 2 and 3. The total systolic strains
(Table 2) attained by the FHC subject group were lower
than the NV group in septal and inferior wall segments
(P � 0.01). Total systolic strain in the anterior and lateral
regions of the FHC population was decreased, but not
statistically different than that in the NV population. Ear-
ly-diastolic strains (Table 2) were reduced compared to the
NV group in all segments (P � 0.01). Mid-diastolic strains
(Table 2) were increased in all segments, but because of the
wide variability between patients, these changes did not
reach statistical significance. The strain subsequent to

FIG. 1. A sample curve of the LV midwall
circumferential strain in the inferior wall. In-
dices of cardiac function are shown: A, sys-
tolic strain rate; B, total systolic strain; C,
early-diastolic strain rate; D, mid-diastolic
strain rate; and E, lengthening subsequent
to atrial systole. Measures B and E were
used to calculate the percent lengthening
subsequent to atrial systole, defined as E/B.

Table 2
Decomposition of LV Circumferential Strains

Controls
(N � 6)

FHC
(N � 8)

P value

Total systolic strain Septal �19.5 � 2.3 �13.4 � 4.7 �0.01
Anterior �20.1 � 1.8 �17.7 � 3.0 NS
Lateral �22.0 � 3.5 �17.4 � 4.3 NS
Inferior �22.5 � 3.2 �15.2 � 3.6 �0.01

Early diastolic strain Septal 13.8 � 1.8 4.7 � 3.4 �0.01
Anterior 14.5 � 1.4 7.8 � 4.3 �0.01
Lateral 16.0 � 2.8 7.4 � 4.7 �0.01
Inferior 16.7 � 3.0 6.3 � 5.2 �0.01

Mid-diastolic strain Septal 2.9 � 0.7 3.2 � 1.4 NS
Anterior 2.0 � 0.8 3.6 � 1.6 NS
Lateral 2.2 � 0.8 2.7 � 1.5 NS
Inferior 1.5 � 0.8 3.2 � 2.0 NS

Atrial systolic strain Septal 2.8 � 1.1 4.4 � 3.1 NS
Anterior 3.5 � 0.8 5.1 � 3.0 NS
Lateral 3.8 � 0.4 6.1 � 2.1 �0.01
Inferior 4.2 � 1.0 4.7 � 2.5 NS
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atrial systole (Table 2) increased in all segments, espe-
cially laterally (P � 0.01). Figure 1 demonstrates that the
acquisition delay due to QRS detection and tagging pulses
results in significant systolic shortening prior to acquisi-
tion of the first image. Without full-cycle imaging, total
systolic strains would be underestimated by 17% in NVs
and 32% in FHC patients (P � 0.01 for all regions).

Although systolic strain rates (Table 3) expressed as
midwall circumferential strain per second were decreased
in the FHC group, they were not significantly different
between the two groups in any region. Early-diastolic
strain rates (Table 3) expressed as midwall circumferential
strain per second, were significantly decreased for all re-
gions in the patients with FHC (P � 0.01). Trends toward
higher mid-diastolic strain rates (Table 3) were found in all
regions for patients with FHC, indicating a lack of true
diastasis. All measures of ventricular diastolic function
deviated from normal in the direction expected for pa-
tients with impaired diastolic function.

The percent lengthening subsequent to atrial systole (Ta-
ble 3) was significantly increased in the septal (P � 0.03),
lateral (P � 0.01), and inferior walls (P � 0.05) of FHC
patients, and a similar trend was found in the anterior
wall. Both the mid-diastolic strain rates and the percent
lengthening subsequent to atrial systole were shown to
increase in patients with FHC, indicating a greater depen-
dence on atrial systole for total diastolic lengthening.

Septal and inferior early-diastolic strain rates were sig-
nificantly lower than anterior early-diastolic strain rates
within the FHC patients (P � 0.01 and P � 0.03, respec-
tively). In addition, septal and inferior early-diastolic
strain rates were lower than lateral early-diastolic strain
rates (P � 0.08 (NS) and P � 0.05, respectively). In the
NVs, significant decreases in early-diastolic strain rates
were seen between the septal and anterior segments and
lateral and inferior segments (all P � 0.02).

Wall thicknesses in FHC patients were significantly
thicker than those in the NVs on a regional basis (all P �

0.001). As listed in Table 1, the maximal LV end-diastolic
wall thickness in patients with FHC averaged 25 � 2 mm.
Significant regional correlations were found between end-
diastolic wall thickness and both early-diastolic strain and
early-diastolic strain rate for both FHC patients and NVs in
all four segments individually and when summarized as a
global average. For example, in the septum, the correlation
between end-diastolic wall thickness and early-diastolic
strain was y � –0.01x � 0.20, r � –0.8. In the septum, the
correlation between end-diastolic wall thickness and ear-
ly-diastolic strain rate was y � –0.03x � 0.92, r � –0.75.

DISCUSSION

A quantitative analysis of regional contractile function in
patients with FHC demonstrated significant differences in
systolic and diastolic function compared with normal sub-
jects. The MRI technique introduced here provided non-
invasive, quantitative, regional function measurements
across the entire cardiac cycle. In particular, abnormalities
in early-diastolic relaxation, mid-diastole, and late-dias-
tole were all significantly different between NVs and pa-
tients with FHC. Without full-cycle imaging, total systolic
strains are significantly underestimated.

The reductions in the early-diastolic strain rates and
increases in mid-diastolic strain rates seen in patients with
FHC were consistent with previously obtained global mea-
sures of diastolic filling and pressure decay (18,19). Re-
duction of early-diastolic strain rates reflected a prolonged
and slower filling phase during early diastole. This slow
filling phase continued into late diastole, as reflected by
the increase in the mid-diastolic strain rate. Reductions in
early-diastolic strains, and increases in mid-diastolic
strains indicate slow and impaired filling in the patients
with FHC relative to the NVs.

The CAPTOR/CSPAMM technique with an echo-train
readout allows the acquisition of 30 phases during the
entire cardiac cycle, which was shown to be adequate for

Table 3
Systolic and Diastolic Strain Rates and Percent Lengthening Subsequent to Atrial Systole (PLSAS)

Controls
(N � 6)

FHC
(N � 8)

P value

Systolic strain rate (Ecc/s) Septal �71.8 � 9.4 �61.3 � 18.8 NS
Anterior �74.8 � 4.9 �72.3 � 10.6 NS
Lateral �71.2 � 13.8 �66.3 � 13.1 NS
Inferior �74.0 � 9.6 �60.7 � 16.0 NS

Early diastolic strain rate (Ecc/s) Septal 72.2 � 11.9 29.2 � 24.1 �0.01
Anterior 73.9 � 3.2 54.6 � 20.0 �0.03
Lateral 108.2 � 12.9 53.5 � 26.4 �0.01
Inferior 110.8 � 10.7 35.3 � 26.0 �0.01

Mid-diastolic strain rate (Ecc/s) Septal 9.3 � 10.0 21.0 � 22.2 NS
Anterior 6.2 � 2.5 25.0 � 18.3 NS
Lateral 7.3 � 12.2 19.2 � 28.4 NS
Inferior 4.2 � 18.6 22.3 � 23.4 NS

Percent lengthening subsequent
to atrial systole Septal 14.0 � 4.8 30.7 � 17.1 �0.03

Anterior 17.8 � 4.3 29.2 � 16.5 NS
Lateral 17.4 � 1.8 36.7 � 12.5 �0.01
Inferior 18.7 � 3.2 32.4 � 16.6 �0.05

NS, not significant.
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characterizing rapid events, such as early diastole. This
temporal resolution resulted in four to six images over the
early (rapid) filling phase, which was sufficient to demon-
strate statistically different strain rates in the two studied
populations. Systolic strain rates measured in patients
with FHC were reduced, but were not statistically different
from measures obtained in NVs, indicating similar early-
systolic function. Assessment of total systolic strains re-
vealed significant differences between NVs and patients
with FHC in septal and inferior walls, but not in the
anterior or lateral walls. Increased strains (relative to the
septum) in the lateral wall have been observed by others in
both NVs (3,4) and patients with FHC (6,7), suggesting
there is a regional heterogeneity of function in NVs and
patients with FHC. Early-diastolic strain rates showed sig-
nificant regional heterogeneity. Furthermore, greater hy-
pertrophy correlated with poorer diastolic function.

Some limitations should be considered. Acquiring each
direction of stripe tags in separate breath-holds may intro-
duce errors in quantification of regional strain; however,
this is more feasible than using the longer breath-holds
needed to obtain both in a single acquisition. Although
through-plane motion was shown to be limited in FHC
patients, collecting more short- and long-axis slices would
allow further characterization of this disease. The small
sample size of the current study limited our ability to make
regional comparisons with other diastolic parameters,
such as the transmitral filling velocities.

CONCLUSIONS

In conclusion, the CSPAMM/CAPTOR technique enables
regional indices of myocardial function to be quantified
during all phases of the cardiac cycle. This technique
reveals regional systolic and diastolic impairment in pa-
tients with FHC.
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